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We discuss a spontaneous baryogenesis mechanism in flat directions. After identifying the Nambu- 
Goldstone mode which derivatively couples to the associated (7(1) current and rotates due to the 
A-term, we show that spontaneous baryogenesis can be naturally realized in the context of the flat 
direction. As applications, we discuss two scenarios of baryogenesis in detail. One is baryogenesis 
in a flat direction with a vanishing B — L charge, especially, with neither baryon nor lepton charge, 
which was recently proposed by Chiba and the present authors. The other is a baryogenesis scenario 
compatible with a large lepton asymmetry. 



PACS numbers: 98.80.Cq 

I. INTRODUCTION 

Baryon asymmetry is a great mystery in cosmology 
and particle physics. The recent observations of the cos- 
mic microwave background anisotropy by the Wilkin- 
son Microwave Anisotropy Probe (WMAP) show that 
the baryon to entropy ratio is ub/s 9 x 10""'^^ 0, 
which roughly coincides with the value inferred from big 
bang nucleosynthesis (BBN) 1^. Although many scenar- 
ios have been proposed so far to explain such an asym- 
metry, a spontaneous baryogenesis mechanism proposed 
by Cohen and Kaplan is special in that it works even in 
thermal equilibrium The other scenarios require a 
deviation from thermal equilibrium, which often imposes 
severe constraints on the scenario. 

The supersymmetric theory is one of the most attrac- 
tive extensions of standard model particle physics be- 
cause it stabilizes the electroweak scale against radiative 
corrections and realizes the unification of standard gauge 
couplings. In the supersymmetric theory, flat directions 
are ubiquitous and their existence distinguishes super- 
symmetric theories from ordinary ones |^]. Although 
there are no classical potentials along flat directions in 
the supersymmetric limit, these directions can be lifted 
by both the supersymmetry-breaking effects and the non- 
renormalizable operators with some cutoff scale. In par- 
ticular, during inffation, a flat direction receives a mass 
squared proportional to the Hubble parameter squared, 
so that the flat direction acquires a large expectation 
value for the negative mass squared. As inflation ends 
and the Hubble parameter becomes small enough, the 
flat direction starts to oscillate and rotate due to the so- 
called A-term. 

Associated with such dynamics of the flat direction, 
there are two different sources of baryon and/or lepton 
asymmetries. First, in the case that the flat direction car- 
ries the baryon and/or lepton numbers, the rotation due 
to the A-term implies that baryon and/or lepton asym- 
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metries are generated as a condensate of the flat direc- 
tion. After the decay of the flat direction, such asym- 
metries are released to the ordinary quarks and leptons. 
This is the so-called Affleck-Dine (AD) mechanism 
Another source is the coupling between the phase of the 
flat direction and the baryon and/or lepton current. In 
fact, as shown later, the phase of the flat direction cou- 
ples to such a current derivatively. Then, the rotation 
of the flat direction due to the A-term leads to CPT vi- 
olation, so that baryon and/or lepton asymmetries are 
generated for light particles if the current violating inter- 
actions are in good thermal equilibrium. This is actually 
the realization of the spontaneous baryogenesis proposed 
by Cohen and Kaplan. 

Until now, in almost all research, only the first source 
has been considered. However, the AD mechanism ap- 
plies only to flat directions with nonzero B — L charge be- 
cause otherwise sphaleron effects wash out the produced 
baryon asymmetry. Recently, it was shown that, if Q- 
balls are formed, the AD mechanism can be applied to 
flat directions with vanishing B — L charge [aiSlal- This 
is because Q-balls can protect the B + L asymmetry from 
the sphaleron effects. However, the AD mechanism does 
not work at all for flat directions with neither baryon nor 
lepton charge, that is, B = L = 0. 

On the other hand, very recently, Chiba and the 
present authors showed that baryogenesis is possible even 
for such a flat direction in the context of a second source 
if the flat direction has another charge |^. In this pa- 
per, we investigate the second source in detail, that is, 
a spontaneous baryogenesis mechanism in flat directions. 
Spontaneous baryogenesis in another context is consid- 
ered in pol HTl ll2.] . In Sec. II, we identify the Nambu- 
Goldstone (NG) mode which derivatively couples to the 
associated U(l) current and rotates due to the A-term, 
and we give a general discussion on spontaneous baryo- 
genesis in flat directions. In Sec HI, as applications, we 
concentrate on two scenarios of baryogenesis in particu- 
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lar. One is baryogenesis in a flat direction with vanishing 
B — L charge, especially, with neither baryon nor lepton 
charge. As listed in Ref. in fact, there are many flat 
directions in which the B — L charge vanishes. The other 
is a baryogenesis scenario compatible with a large lepton 
asymmetry. The baryon-to-entropy ratio inferred from 
recent results of WMAP roughly coincides with that in- 
ferred from BBN. However, according to a detailed anal- 
ysis Q, the best fit value of the effective number of 
neutrino species is significantly smaller than 3.0. Of 
course, = 3.0 is consistent at ~ 2cr, and such dis- 
cordance may be completely removed as observations are 
further improved and the errors are reduced. However 
it is probable that such small discrepancies are genuine 
and suggest additional physics in BBN and the CMB. 
One interesting possibility eliminating such discrepancies 
is the presence of a large and positive lepton asymmetry 
of electron type ^T3\, so we discuss such a possibility in 
this context. Finally, we devote Sec. IV to discussion 
and conclusions. 



II. SPONTANEOUS BARYOGENESIS IN FLAT 
DIRECTION 

A. Review of spontaneous baryogenesis 



fine the chemical potential /i^ = —aBi/M, and the num- 
ber density of the ith field, rii = . Thus, if U{1)b vio- 
lating operators are in thermal equilibrium, as the ther- 
mal and chemical equilibrium states change, the number 
density rii for the ith field follows the chemical potential 

When the baryon number violating interactions decou- 
ple at last, the baryon number density is frozen at the 
value at that time 



nBito) = i?- 
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Td 



, (4) 



where Tjj is the decoupling temperature and gi represents 
the degrees of freedom of the corresponding field. Also, 
Ki is defined as 



1 for fermions, 

2 for bosons. 



(5) 



It should be emphasized that such asymmetries are real- 
ized only in the light fields that contribute to the energy 
of the universe as radiation. 



Nambu-Goldstone bosons associated with flat 
directions 



First, we shall explain how spontaneous baryogenesis 
works. For simplicity, we assume that the system has 
only baryon symmetry, U{1)b- The extension to the case 
with several global U{1) symmetries will be discussed 
later. Let us consider a scalar field a, which is derivatively 
coupled to the baryon current: 



eff 



' M 



(1) 



where M is a cutoff scale. The baryonic current is given 
by 




for fermions. 



i{LPid^Lp* — ip*d^Lpi) for bosons. 



(2) 



where Bi is the baryon number of the ith field. If d^a 
takes a nonvanishing classical value, the above interac- 
tion induces spontaneous CPT violation since 9^ a is odd 
under CPT transformations. Assuming that the scalar 
field a is homogeneous, we have 



(3) 



where the overdot denotes differentiation with respect to 
time, and ns is the baryon number density. Also we de- 



Here we show that derivative interactions like Eq. 
are naturally present in the minimal supersymmetric 
standard model, which contains many flat directions. 
Since flat directions are composed of the standard model 
fields charged under several (global or local) U{1) sym- 
metries, the NG bosons associated with these symmetries 
are induced if a flat direction develops a nonzero vacuum 
expectation value (VEV). It is one of these NG bosons 
that realizes spontaneous baryogenesis through deriva- 
tive interactions. The purpose of this section is to iden- 
tify this NG boson, and derive the derivative interaction 
relevant for spontaneous baryogenesis. 

A flat direction X is specified by a holomorphic gauge- 
invariant polynomial: 



N 



(6) 



where N superfields {xi} constitute the flat direction X, 
and we have suppressed the gauge and family indices with 
the understanding that the latin letter i contains all the 
information to label those constituents. When X has 
a nonzero expectation value, each constituent field also 
takes a nonzero expectation value 



{X^) 



A 



A 

V2^ 



(7) 



Here each fi / -\/2 is the absolute value of the expectation 
value (xi), and is related to every other due to the D-(F- 
)fiat conditions. Pi is a canonically normalized field cor- 
responding to the phase component 9i. For the moment. 
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we will pay attention to the baryon {B) and lepton (L) 
symmetries, and consider flat directions whose expecta- 
tion values break both symmetries.^. Later we consider 
the case that the standard model particles are charged 
under extra global U{1) symmetry, such as the PQ sym- 
metry. We define U{1)a±, which are the two independent 
linear combinations of U{1)b and U{1)l symmetries: 



U{1)a+ 
U{1)a- 

tan^ 



= cos^ B + sin^ L, 
= — sin ^ B + cos ^ L, 



(8) 



Here B, L, and Q"^ are the charges of U{1)b, U{1)l, and 
U{1)a±, respectively. We define the generators of U{1)b, 
U{1)l, and as T^, T^, and T^±. Following the 

argument in Refs. [lali3> express 9i as 



Bias - 
Qta+ 



(9) 



where Bi, Li, and are the corresponding charges of 
Xi, and as, oil, and a± are the angles conjugate to the 
generators T^, T^, and T a±, respectively. They are 
related as follows: 



as 

OIL 



cos ^ — sin (,\( a+ 
sinf cos^ y 1 a_ 



(10) 



The NG bosons associated with the spontaneous breaking 
of [/(1)_B, U{1)l, and U{1)a± are denoted as as, ai,, 
and a± . Finally, we define the 2x2 real matrix of decay 
constants F as 



a+ 
a_ 



= F 



(11) 



Since the kinetic terms of a± come from those of Xi with 
/,; fixed, F is related to the amplitudes fc 
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(12) 



As shown below, a_|_ becomes massive due to the existence 
of the A-term, while a_ remains massless. In order to 
solve for F, it is necessary to know the effective potential 
for flat directions. 

Flat directions are lifted by both supersymmetry- 
breaking effects and nonrenormalizable operators, al- 
though there are no classical potentials along flat di- 
rections in the supersymmetric limit. Since a flat di- 
rection is well described by a single complex scalar field 
$ = 0/V2 e'^, these effects induce a potential for <f>. Here 



^ Strictly speaking, we must take into account the weak hyper- 
charge Y. However, it does not change our result, so we neglect 
its effect for simplicity. 



(/> is the amplitude, whose expectation value is given by 
a typical value of fi, and the phase 9 is defined as 



(13) 



So the scalar field $ is often defined as <i>^ = X (as 
shorthand). Assuming gravity- mediated supersymmetry 
breaking, the flat direction is lifted by supcrsymmetry- 
breaking effects 0, 



1 



(14) 



where ^ ITeV is a soft mass, if is a numerical co- 
efficient of one-loop corrections, and Mq is the reduced 
Planck mass. Moreover, assuming a nonrenormalizable 
operator in the superpotential of the form 



Wnr = 



the fiat direction is further lifted by the potential 



Vnr — 



l<i>l 



(15) 



(16) 



where n = Nk and M is a cutoff scale. In fact, the non- 
renormalizable superpotential not only lifts the potential 
but also gives the baryon and/or lepton number violating 
A-terms of the form 



Vas = a„ 



3/2 



"^3/2 



nM 



n — 3 



h.c. 



(17) 



where 7743/2 is the gravitino mass, a„i is a complex con- 
stant of order unity, and we assume a vanishing cosmo- 
logical constant. With the redefinition of the phase of $, 
am can be real. Hereafter we adopt this convention. 

On the other hand, it is also possible that nonrenor- 
malizable operators in Eq. H15|l are forbidden by some 
R-symmetries. Then the effective potential is parabolic 
like Eq. (|14|l up to some cutoff scale of the Kahler poten- 
tial, M*. The A-terms are also supplied by the Kahler 
potential as 



VAk 



'3/2 



NkM: 

2 

™3/2 



Nk~2 



X"" + h.c. 



h.c. 



(18) 



where a* is taken to be a real constant of order unity. 
Note that the dependence of the A-term on the gravitino 
mass is different from that of the nonrenormalizable term 
in the superpotential. 

Dviring the infiationary epoch, a fiat direction can eas- 
ily acquire a large expectation value. Strictly speaking, 
if a flat direction has a four-point coupling to the inflaton 
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in the Kahler potential with appropriate sign and magni- 
tude, it has a negative mas s sq uared proportional to the 
Hubble parameter squared p^ . 



(19) 



where ch is a positive constant of order unity. This nega- 
tive mass term destabilizes the flat direction at the origin, 
and the flat direction rolls down toward the minimum of 
the potential. The position of the minimum depends on 
whether the nonrenormalizable superpotential exists or 
not. If it exists, the minimum is determined by the bal- 
ance between the negative mass term Vh and the non- 
renormalizable potential Vnr- If not, it is flxed around 
the cutoff scale ^ M*. Thus, the minimum of the poten- 
tial during inflation is given by 



with Wnr, 
without VKnr- 



(20) 



Notice that the flat direction takes the nonzero expec- 
tation value given by Eq. H2U|) even after inflation ends, 
once the initial position is set during inflation. We would 
like to comment on thermal effects on flat directions. 
Since those fields that couple to the flat direction ob- 
tain a large mass of 0(/(/'inin) where / represents the 
yukawa or gauge coupling constant, they must be out-of- 
equilibrium. Therefore we do not take account of thermal 
effects in the following. 

Now we consider the implication of the A-term. As 
one can see, the phase 9i appears only in the A-term. In 
either case, it can be expressed as 



Va = Ml cos [fcQa+], 



where 



(21) 



(22) 



and Ma denotes the energy scale of the A-term. This 
means that U{1)a+ is explicitly violated by the A-term, 
while U{1)a- remains intact. Since a+ becomes massive 
due to the interaction in Eq. (|21|) . F takes the following 
form: 



F = 



Va 

/oi hi 



(23) 



Substituting this equation into Eq. (|12|l . we have 



/oi 
hi 



i 
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(24) 



where we have assumed that the Q~s are not all zero. 
Thus we can identify the NG boson that becomes massive 
due to the existence of the A-term: 



a+ 



Vaa+ 



(25) 



where we used Eq. in the last equality. This equa- 
tion illuminates the reason why a flat direction can be 
well described by a single complex scalar field <&. Its 
amplitude represents the magnitude of the expectation 
value of the fiat direction, and the phase corresponds to 
the dynamical NG mode whose motion is affected by the 
A-term. The equation of motion of a-|_ is given by 



kQ 



a+ + 3i/a+-Ml^sin(fcQ^ ) =0, (26) 

Va 



where we assumed that the {/;} are constant.^ Its veloc- 
ity can be estimated as 



\a+\ 



kQ 

HVa 



M 



(27) 



where we used the slow-roll approximation because 
the inverse curvature scale of the potential is roughly 
■^771^3/2^ <C H.^ We have also assumed that a+ remains 
far from the extremum of the potential by 0{va). The ve- 
locity plays an essential role for both the AD mechanism 
and spontaneous baryogenesis in our scenario. In fact, 
it generates the asymmetry of U{1)a+ as a condensate 
of the fiat direction. The Q"*" number density can be 
calculated as 



n+ 



(28) 



while the Q~ number density n_ remains zero. In the 
AD mechanism, the baryon (or lepton) asymmetry comes 
from this U{1)a+ asymmetry. 

With this background we turn now to an account of 
the derivative interactions. The NG mode a+ transforms 
as O-i- ^ a+ + Vaf- under the U{1)a+ transformation 
— > a+ -|- e. Since the {xi} are the particles of the 
standard model, they participate in the following Yukawa 
superpotential of the standard model: 



Ws 



M 



yuuQ Hu + VddQ Hd + VeeLHd, (29) 



where Q and L are SU{2)l doublet quarks and leptons, 
u, d, and e are SU(2)l singlet quarks and leptons, and 



^ As long as fi^ Hfi, the equation of motion is still valid up to a 

numerical factor in the viscosity term. 
^ During inflation, the effective mass of a+ is comparable to the 

Hubble scale due to the Hubble induced A-term so that quantum 

fluctuations of a+ are negligible. 
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Hu{Hd) is the up- (down-) type Higgs superfield. The 
Yukawa interactions above therefore depend on the NG 
mode a+ when the flat direction has an expectation value. 
In order to obtain the interaction between the NG mode 
a+ and the other charged fields, we define the U[\)a+ 
current as 

where m' denotes all fields with nonzero U{\)a+ charges, 
that is, Xm' transforms under U{1)a+ symmetry as 
Xm' Xm' + ^5xm' with 5xm' = ^Qm'X■m' ■ Then, the 
U(1)a+ current is given by 

J>X+^Va^^^a++Y,Qt^J'L. (31) 

m 

where m denotes all fields with nonzero U{1)a+ charges 
except the NG mode a+ . Current conservation yields the 
equation of motion for a+ 

= vad^a+ + J2 QtadA = 0- (32) 

m 

Here the first term in the middle equation is the kinetic 
term for the NG mode a+ and the second term can be 
derived from the following effective Lagrangian, 

'^<=ff = -E¥'(^M«+)j^, (33) 

rn 

which yields the derivative interactions between the NG 
mode a+ and the other charged fields. Although the in- 
dex m should be taken over all the charged fields except 
the NG mode 0+, we will concentrate on a derivative 
coupling of all light fields because the asymmetries are 
induced only in the light degrees of freedom. Hereafter 
the subscript m denote the species of light fields unless 
otherwise stated. Note that the above discussion applies 
for the U{1)a- symmetry in the same way, and that there 
also exists the derivative coupling of a_ with the U{1)a- 
current. However, it does not have any significant mean- 
ing, since d_ cannot have a nonzero classical value. 

Up to this point we have considered the case that the 
system has only baryon and lepton symmetries. However, 
the essential points of our argument expressed so far are 
still valid in the general case with extra U (1) symmetries. 
There exists only one NG boson which becomes massive 
due to the A-term. In order to extract it, we may need 
to take a superposition of the symmetries as shown in 
Eq. ©. It is always possible to rotate out the NG bo- 
son from the Yukawa interactions, leading to a derivative 
interaction with a current. In particular, Eqs. H28I) and 
(|33|l are valid with the understanding that U{1)a+ is the 
symmetry violated by the A-term, and that and a+ 
represent the corresponding charge and NG boson, re- 
spectively. 



C. Symmetry breaking operators in thermal 
equilibrium 

We would next like to focus on the subtleties associated 
with the fact that there are several U{1) symmetries. In 
the simple case illustrated in the first part of this section, 
thermal and chemical equilibrium are attained for each 
field, with the chemical potential given by the coefficient 
of the number density in the derivative interaction. In 
general, this is not the case. The asymmetries gener- 
ated through spontaneous baryogenesis crucially depend 
on the symmetry-breaking operators in thermal equilib- 
rium. For simplicity, we consider the case with baryon 
and lepton symmetries. Assuming that sphaleron pro- 
cesses are effective at a later epoch, we concentrate on 
B — L violating operators in thermal equilibrium. The 
final B — L asymmetry is determined by the one with 
the lowest decoupling temperature,** as long as fiT^ de- 
creases more slowly than a^^. Such an interaction can be 
characterized by the amount of B and L violation, 
and Al , respectively. Since the baryon and lepton asym- 
metries are generated through this interaction,^ they are 
related as n^Ai = n^As, that is, 

^S„in™ = 0, (34) 

m 

where we defined S„i = i?„jAi — L„jAb. Wc would like 
to know the resultant n„i induced by the derivative inter- 
action Eq. H33|) under this constraint. If it were not for 
the constraint, the following asymmetry would be gener- 
ated: 

nm{tD) = g /^m^g. (35) 

where JI^ = —Q^d^/va- It is worth noting that /Im 
cannot be interpreted to be the chemical potential of the 
mth field, if we take the constraint into account. The 
reason for this is not difficult to see. Due to the con- 
straint. Urn is not able to vary freely. In fact, only the 
projection of onto the parameter plane perpendic- 

ular to {Sm} has physical meaning. That is to say, the 
resultant asymmetry should depend on defined as 

~ ^- (m • -) foa\ 
where we adopt the following shorthand. 

■in 

Y ■ Z = ^ ^ K„ig„iYfyiZm- (37) 

m 



^ Here we assume that the decoupling temperatures are not de- 
generate. 

^ Hereafter we assume that the interactions which transmit the 
generated baryon and lepton numbers to other particles are in 
thermal equilibrium. 
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Then it is easy to show that jlm are invariant under the 
transformation JI^ Jl^+aSm for an arbitrary constant 
a. If we require that {Um} take the form of thermal 
and chemical equilibrium, the {rim} are then uniquely 
determined by using /i,„: 



6 



(38) 



The resultant B — L number density is then given by 

nB-Lito) = y^(-Sm - Lm)nm 



B-^Al + L^Al 6 ' 



(39) 



where /is = — cos^ a+/va and /iL = — sin^ a+/va, so 
that Jim = ^J'BBm + IJ^hLm- Thus, the following two con- 
ditions must be met for B—L asymmetry to be generated: 



Ab-Al + 0, 
[IbAb + [).lAl ^ 0. 



(40) 
(41) 



The meaning of the first condition is clear. The inter- 
action in thermal equilibrium should, of course, violate 
B — L symmetry. In order to understand the second con- 
dition, we rewrite it as follows: 



HBAB+fiLAL = -{Abcos^ + AlsuiO — 



= -Ac 



Hence, the second one means that interaction in thermal 
equilibrium must also violate U{1)+ symmetry, so that 
the derivative interaction does induce some asymmetries. 
If Aq^ = 0, no asymmetries result since the broken sym- 
metry in thermal equilibrium is then orthogonal to the 
[/(!)+ symmetry, for which nonzero chemical potential is 
induced by the derivative interaction. What needs to be 
emphasized at this juncture is that the asymmetries are 
induced even for fields that do not participate in deriva- 
tive interactions. The reason for this is that the con- 
straint Eq. relates the fields with Jim to those 
with Jim = 0, so that the latter can feel the effective 
chemical potential. For example, it is even possible to 
set all the derivative interactions in the hidden sector, 
as long as there exists an interaction in thermal equilib- 
rium that violates both the hidden symmetry and B — L 
symmetry. Then the asymmetry generated in the hidden 
sector also induces B — L asymmetry through such an in- 
teraction. We shall detail an application of this striking 
feature in the next section. 



esis in those flat directions with B — L = Q and B + L ^ 0. 
In the next subsection we consider baryogenesis in flat di- 
rections with B = L = Q. The AD mechanism generates 
the asymmetry of the U{1) charge, which is explicitly vi- 
olated by the A-tcrm. Hence it does not work for flat di- 
rections with B — L = 0, unless Q-balls are formed. Even 
if Q-balls are formed, they might decay and/or evaporate 
away before the electroweak phase transition. Then no 
baryon asymmetr y re sults due to the sphaleron processes. 
As listed in Ref. M^, in fact, there are many flat direc- 
tions that have vanishing B — L (e.g., QQQL, uude), and 
some of them have neither baryon nor lepton charges (for 
example, QuQd, QuLe) . If such flat directions were se- 
lected during inflation, it is difficult to explain the baryon 
asymmetry in the present universe. Thus, it is intriguing 
to examine whether it is possible to realize baryogenesis 
even when a flat direction with _B — i = is selected. 

Since we are considering the flat direction with B = 
L^O,Q^ and Va defined in Eqs. © and ^ are given 
by 



B + L 

-B 



L 



= 2 



V2 ' 



mm' 



(43) 



(42) where we have used fi 



and Bj 



1 in the last 



line. The derivative interaction leads to the following: 



^cff — 



with 



Mi 



-a+ 



kQ 
\/2 



msfziB, + Li), 



(44) 



(45) 



where we have used Eqs. (|2U|I and H27|) and assumed the 
existence of a nonrenormalizable term and that d+ > 0. 

We need to incorporate a, B — L breaking operator in 
thermal equilibrium that also violates B+L symmetry, in 
order to realize spontaneous baryogenesis. The resultant 
B — L asymmetry can be estimated as Eq. (|39f) with 



kQ 



(46) 



As an illustration, we consider the following B — L break- 
ing operator: 



III. APPLICATIONS 

A. Baryogenesis in flat directions with B — L — 

As an application of the spontaneous baryogenesis dis- 
cussed in the previous section, here we consider baryogen- 



C 



K = -llHuHu + h.c. 

V 



(47) 



where v is the scale characterizing the interaction and 
may be identified with the heavy Majorana mass for the 
right-handed neutrino in the context of the seesaw mech- 
anism. This interaction violates the lepton number by 
two, while the baryon number is intact: A^, = 2 and 
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Ab = 0, so we have Em = 2Bm- Then the effective 
chemical potential can be calculated as 



kQ 



(48) 



Naturally, this result means that only lepton asymmetry 
is generated through spontaneous baryogenesis. Thus the 
B — L asymmetry at decoupling is 



riB-L _ ISfcQ L'^m3/2 
s 4^/27r2 5* To 



(49) 



where counts the effective degrees of freedom for rel- 
ativistic particles. The baryon asymmetry is obtained 
through the sphaleron effects® as ,20j 



riB 
s 



30fcQ L^m 



3/2 



23V27r2 g*TD 



(50) 



In order to estimate the baryon asymmetry, we need to 
know the typical value of Tu . 

The lepton number violating rate of the interaction 
given by Eq. g7J) is given by T - 0.04rV^^^ 21). Then, 
the decoupling temperature is calculated as 



D 



5 X lO^'GeV 



(—)"( 
V200/ V 



IQi^GeV 



7x 10"Gevf^V 
V200/ 



1 eV 



sin (3, 



(51) 



where tan/3 = (Hu) / (Hd), and is the neutrino mass 
related to v by rrii, — 4 /v. Also we have assumed 

that the reheating process ends before the decoupling. 
Such a high reheating temperature might lead to the 
gravitino problem 22]. For 7713/2 = 3 ~ 10 TeV, the re- 
heating temperature is constrained as T^h ^ 10^^ GeV, 
assuming that the mass of the lightest supersymmetric 
particle (LSP) is 0(100 GeV) ^22]. If we take this bound 
seriously, the decoupling temperature To must be less 
than IQ-'^^ GeV so that the lepton number violating in- 
teraction is in thermal equilibrium. For 7713/2 ~ 100 
GeV, the reheating temperature must be smaller than 
Trh ^ 10^ GeV. Alternatively, these constraints on the 
reheating temperature can be evaded by the introduction 
of a supersymmetric partner with a mass much lighter 
than 100 GeV. One such particle is the axino. In fact, it 
was shown that the reheating temperature is constrained 
rather loosely as Trh < lO^^ Q^y for 7773/2 ~ 100 GeV, 



if the axino is the LSP and the gravitino is the next LSP 

M 

As long as the gravitino problem is absent, the typical 
value of the decoupling temperature is Td ~ 10^^ GeV. 
Hence we obtain the right amount of baryon asymmetry, 



riB 
s 



0.1 



"•73/2 



---"(ii) 



T, 



D 



10i2GeV 



(52) 



B. Baryogenesis in flat directions with B = L = 

Next we show that baryogenesis is possible even for flat 
directions with B = L = 0. Our strategy is as follows. 
Since — J2i — 0, the baryon and lepton sym- 

metries are not violated by the A-term. Therefore the 
corresponding NG bosons gb and ql remain massless. 
Note that there is a degree of freedom a which becomes 
massive due to the A-term and develops a classical value 
a 7^ 0. However, it is not a NG boson since the system 
does not possess the corresponding symmetry, so it can- 
not have any derivative interactions with the currents. 
Now it is clear what must be added to the system. We 
need to incorporate an additional U{1) symmetry which 
is explicitly violated by the A-term. Then the corre- 
sponding NG boson obtains a nonzero velocity, leading 
to the derivative interactions relevant for spontaneous 
baryogenesis. 

In order to realize our scenario, the standard particles 
should be charged under another global symmetry in ad- 
dition to the baryon and lepton symmetries. One of the 
famous examples is PQ symmetry, which was introduced 
to solve the strong CP problem of quantum chromody- 
namics |23|- For definiteness, we adopt the supersym- 
metric Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) axion 
model^ [25I |2^ , but it is trivial to extend it to the case 
with general global U{1) symmetries. Then, a flat di- 
rection with neither baryon nor lepton charge can have 
nonzero PQ charges if we assign them properly to stan- 
dard particles. In the same way as before, we express 9i 
as 



RtOu + BiOB + LiaL, 



(53) 



where Ri is the PQ charge of Xi: and aji is the angle 
conjugate to the generator T^. Then the A-term can be 
written as 



Va = M\ cos [fc7^afl] , 



(54) 



If the weak gauge bosons become massive due to the large VEV 
of the fiat direction, the sphaleron configuration is not excited 
before the decay of the flat direction. Even if the flat direction 
is composed of SU{2) singlet fields, the sphaleron process might 
be out of equilibrium at decoupling, since the decoupling tem- 
perature is rather high (~ 10^^ GeV as shown below). Hereafter 
we assume that this is the case. 



Here we assume that the PQ scalar fields, which are responsible 
for the spontaneous PQ symmetry breaking in the present uni- 
verse, have negative mass squared of order H during infiation. 
Then we can avoid the problem of axion domain walls. In addi- 
tion, cold dark matter can also be explained by the axion in our 
scenario as a by-product of adopting the PQ symmetry. 
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where TZ = J^i Ri- We define the NG boson correspond- 
ing to PQ symmetry as 



aB. = VattR, 

where Va now takes the complicated form 



(55) 



J2i ^fi 



mm 



(56) 



We have assumed that ^min is much larger than the 
breaking scale of the PQ symmetry, Fa, in the present 
universe. In fact, the NG boson qr continuously trans- 
forms into the axion that is the phase component of the 
PQ scalar field, after the flat direction starts to oscillate. 
Differentiation of an with respect to time is likewise es- 
timated as 



\aR\ 



kn 



Ml 



(57) 



The time component of the derivative interaction then 
reads 



^cff — 



with 



(58) 



(59) 



where we have used Eqs. and (|37|), and assumed 
the existence of a nonrenormalizable superpotential and 

CIR > 0. 

In order to estimate the resultant number density, we 
must take into account two constraints like Eq. (|34|l . be- 
cause the system now possesses three U{1) symmetries. 
We assume that the B — L violating interaction® in ther- 
mal equilibrium breaks the PQ, B, and L symmetries 
by Ajj, As, and A^,, respectively. The constraints are 
written as 



for 



1, 2, 3, 



(60) 



The PQ symmetry is also violated by strong sphaleron processes. 
However, the strong sphaleron configuration is not excited as 
long as the SUi^jc is spontaneously broken by the large VEV 
of the flat direction. Fortunately, since all the B = L = di- 
rections contain squarks, this is always the case. Furthermore, 
the /i-term, which breaks PQ symmetry, is out of equilibrium at 
Td ~ 10l2 GeV. Hereafter we assume that the other interactions 
violate neither PQ nor B — L symmetry at decoupling. 



EI^^ = B„^Al~ L,nAB, 



(61) 



and two of them are independent. The resultant number 
density is given by 



where 

/3 



_ S(2)2(p.S(l))-(SW-S(2)U77."(2) 



/3 



(2) 



2(1)25(2)2 _ (-^(1) . S(2))^ 

S(1)2(7I.S(2)) - (S(i) -5(2)) (p.sW 

2(1)25(2)2 _ (-5(1) . 2(2)^2 



(62) 

(63) 
-,(64) 

-.(65) 



Then it is easy to show that /i„i are invariant under the 
transformation /Im — > Mm + a^-'^'Sm'' + a^^-'Sm'' for arbi- 
trary constants a*^^^ and a^^\ One can also check that 
the number density is invariant under the permutation 
'E.in ^ ^rn , as long as the two conditions 

used in the definition of flm are independent. The B — L 
number density is given by 

UB-Lito) = 22(Bm - Lm)n„i{tD) 



(Ai 



DkTZmy^Th .... 
Al)Ah — , (66) 
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where we have defined 



C 



i?2i?2 



(B ■ Rf 



A| 



L^R^ - (L ■ RY 



+AlL^B^ - 2Ar [AbL^ {B-R) + AlB^ {L ■ R)] 
+2AlAb {L ■R){B-R), 
D = L^B^R^ - L^{B- Rf - B^ [L ■ Pf (67) 

Thus, B — L asymmetry is generated if and only if the 
interaction in thermal equilibrium violates both B — L 
and PQ symmetries, i.e., Ab — Al and A^,; ^ 0, the 
meanings of which are the same as before. 

As an illustration we take the operator in Eq. H47|l . 
leading to A^ = 2{Rl + RhJ and As - Al = -2. 
Then the baryon-to-entropy ratio is given by 



riB 
s 



120kn{RL + Rh J D 1713/2 



237r2(7» 
3 X 10-1" (^) 



C Td 
Td 



10i2GeV 



(68) 



where we have assumed that the PQ charges are of the 
order of unity. 

It should be noted that the constraint on the reheat- 
ing temperature due to the gravitino problem is avoided, 
since the axino, the superpartner of the axion, naturally 
exists in our scenario. 
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C. Large lepton asymmetry 



Hence the resultant baryon asymmetry is 



As a final application we consider a scenario in which 
a large lepton asymmetry of electron type and a small 
baryon asymmetry are generated simultaneously. We as- 
sume that the system has only baryon and lepton sym- 
metries throughout this subsection for simplicity. With 
an additional C/(l) symmetry, the main points of the fol- 
lowing discussion are unchanged. In order to generate 
a positive and large lepton asymmetry of electron type, 
we choose a leptonic flat direction such as "e^LaLi", in 
which the subscripts denote the generation. We also as- 
sume that nonrenormalizable operators in the superpo- 
tential arc forbidden by some R-symmetry. Then the 
NG boson becomes massive due to the A-term, while 
as remains massless. Our strategy is as follows. In the 
first place, large lepton asymmetry is generated through 
the AD mechanism. Since the large lepton asymmetry 
is stored in the AD condensate until it decays at the de- 
cay temperature ~ 10 GeV, it is protected from the 
sphaleron effects. On the other hand, a small baryon 
asymmetry is generated through spontaneous baryoge- 
nesis with a baryon and lepton violating interaction. It 
should be noted that the signs of these asymmetries are as 
expected, that is, cti < induces a positive lepton asym- 
metry of electron type in the AD sector, while it leads 
to a positive baryon asymmetry if A^A^ > 0. Thus we 
can naturally explain a positive large lepton asymmetry 
of electron type and a positive small baryon asymmetry 
at the same time. 

First we evaluate the large lepton asymmetry in the 
AD sector. Since the AD field is likely to dominate the 
universe after it starts oscillating, the resultant lepton 
asymmetry of electron type is 



s 



3 7^ 

4 mrf 



< 



0(1). 



(69) 



When the AD field sits far away from the origin due 
to the Hubble-induced mass term Eq. fH^ . slow-rolls 



s 



10" 



VlTeV/ VlOOGeV/ VlOGeVy 



IQiOGeV / I 10i6GcV / 



(72) 



where we assumed that the universe is radiation domi- 
nated when the baryon and lepton violating interaction 
decouples. Although such an assumption requires a very 
high reheating temperature, which might be constrained 
by the gravitino problem, the entropy production due to 
the decay of the AD field weakens the constraint consid- 
erably, so we can safely adopt the assumption. 

Recently, it was pointed out that complete or partial 
equilibrium between all active neutrinos may be accom- 
plished before BBN through neutrino oscillations in the 
presence of neutrino chemical potentials 27]. However, 
even if complete equilibrium is realized, positive lepton 
asymmetry of electron type still survives, contrary to the 
scenario proposed in '2a| because the total lepton asym- 
metry is positive in this case. 

Finally we comment on Q-balls. For general flat direc- 
tions that include squarks, the numerical coefficient of 
one-loop corrections, K , is considered to be negative. It 
is known that the scalar field, which oscillates in the po- 
tential as Eq. (|14ll with negative experiences spatial 
instabilities, and deforms into non-topological solitons, 
Q-balls. However, K can be positive if the CcLL direc- 
tion includes the third generation and tan/3 is large, so 
here we have assumed this is the case. Thus we do not 
have to take Q-balls into account. 



IV. DISCUSSION AND CONCLUSIONS 



aL 



(70) 



where we used Eq. (|18l) . the subscript 'D' means that the 
variable is evaluated at decoupling, and Q = Li = \. 
Assuming that the symmetry-breaking interaction decou- 
ples before the AD field starts to oscillate, the baryon 
number density is given by 



riB {to) 



D 



(71) 



where we have assumed AsA^, > in the second line. 



In this paper, we have discussed a spontaneous baryo- 
genesis mechanism in flat directions. First of all, we have 
identified the Nambu-Goldstonc mode, which deriva- 
tively couples to the associated U{1) current and rotates 
due to the A-term. Such a derivative coupling and a 
rotation of the NG mode naturally realize spontaneous 
baryogenesis in the context of the flat direction if a cur- 
rent violating interaction exists. We gave a generic for- 
mula for the baryon asymmetry produced. 

As concrete examples, we have investigated two sce- 
narios of baryogenesis in detail. First of all, we consid- 
ered spontaneous baryogenesis in a flat direction with 
vanishing B — L charge. For such a flat direction, the 
AD mechanism does not work without Q-balls. On the 
other hand, we have shown that baryogenesis in such 
a flat direction can be easily realized in the context of 
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spontaneous baryogenesis. All we need is an interaction 
violating the B — L symmetry. Such an interaction is, 
for example, given by the dimension five operator, which 
gives the Majorana masses of neutrinos. In particular, 
we have discussed spontaneous baryogenesis in a flat di- 
rection with neither baryon nor lepton charge, which was 
recently proposed by Chiba and the present authors. It 
is shown that baryogenesis is possible if we introduce 
another global symmetry such as the PQ symmetry. Fi- 
nally, we discussed a scenario in which a positive and 
large lepton asymmetry of electron type is compatible 
with a positive and small baryon asymmetry. It is shown 
that it is possible to realize such a scenario and thereby 
remove any discrepancy of baryon asymmetry between 
those derived from BBN and the CMB. 
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